Stations networks have become a new important data source for meteorology. This has dramatically improved the ability to remotely sense the atmosphere under the influence of severe mesoscale and synoptic systems. The zenith tropospheric delay (ZTD) is one of the atmospheric variables continuously observed, and its horizontal variations, the horizontal tropospheric gradients, are routinely computed nowadays within the dual-frequency GPS processing, but their interpretation and relationship with the weather is still an open question. The purpose of this paper is to contribute in this direction by studying the effect that Hurricane Harvey had on the spatial and temporal behavior of the ZTDs and gradients, when it reached Texas coast, during 18-31 August 2017. The results show that ZTD time series present a clear and rapid increase larger than 10 cm in a few hours when the hurricane reached the area. Gradients behaviors show that the hurricane also produced significant changes on them, since the magnitude and predominant directions before and after the hurricane arrived are completely different. Noticeably, the gradient vectors before the landing are consistently related to the horizontal winds and pressure fields. In this manuscript we demonstrate that the ZTD gradients can show a consistent signature under severe weather events, strongly suggesting their potential application for short-term weather forecasting.
Introduction and Motivation
The Global Positioning System (GPS) was initiated in the 1970s, became fully operational in 1994, and rapidly showed its potential as a resource for high-precision (millimeter-level) geodetic measurement, apart from its wide use in navigation. The need to precisely estimate the error sources on the GPS signal to improve the positioning gave place to a new application of GPS, the remote sensing of atmospheric water vapor (Bevis et al., 1992) . GPS meteorology is able to provide atmospheric variables with high spatiotemporal resolution at no further cost. Nowadays, this new area is a well-established field in both research and operation (Guerova et al., 2016) for some large regions in the world and has become an important source of climate monitoring. However, as a consequence of the significant improvements in GPS processing algorithms, inconsistencies in long-term time series have been introduced; therefore, there is a need for a homogeneous set of data for GPS meteorology. In this sense, the GPS community has contributed with reprocessed data that are useful for many applications (Dousa et al., 2017; Pacione & Di Tomaso, 2016) .
The zenith tropospheric delay (ZTD) is indeed one of the parameters estimated in the GPS data processing, and it represents the vertically integrated atmospheric refractivity, which is a function of pressure, temperature, and water vapor content (Davis et al., 1985) . The slant (STD) is modeled as the ZTD plus its horizontal gradients, because the ZTD is common to all the lines of sight for a given GPS receiver at a given time and therefore computed for all the satellites as only one unknown. Moreover, studying and understanding the azimuthal distribution of the tropospheric delay increases the ability of sensing the atmosphere with GPS (Elgered et al., 2018). 10.1029/2018EA000527 atmospheric variables, typically not well monitored (Boniface et al., 2009) . Several projects have been pursued to study this subject, starting as early as in the 1990s (GPS/MET from UCAR in 1993) until now [ESSEM COST Action ES1206/GNSS4SWEC or E-GVAP [the EUMETNET EIG Global Navigation Satellite Systems (GNSS) water vapor programme] dealing with the usage of ground-based GPS delay in operational meteorology) . Zhang et al. (2015) have found that thanks to the dense GPS networks, Victorian CORS in this case in Australia, it was possible to follow a synoptic signature of the dynamics of the event and offer precursors to severe weather with tropospheric parameters derived from GPS observations. On a global scale, the tropospheric gradient vector appears pointing toward the equator, and annual and semiannual frequencies are usually detected on long time series (Meindl et al., 2004) . However, this behavior can change locally and when strong convection takes place or when the topography appears rugged (Karabatić et al., 2011; Shoji, 2013; Shoji et al., 2004 ). An important question that is still open and that several recent works have tried to answer is to what extent the horizontal tropospheric gradients contain real tropospheric information. Many studies have been developed and showed that horizontal gradients from ECMWF (European Centre for Medium-Range Weather Forecasts) and water vapor radiometers (WVR) do agree with GPS-estimated ones at the level of 0.5 mm for ECMWF and with a correlation of about 50% with WVR. See, for instance, Kačmařík et al. (2017) , Dousa et al. (2017) , Lu et al. (2016) , Li et al. (2015) , and Bar-Sever et al. (1998) . Morel et al. (2015) have studied the behavior of the tropospheric gradients in Corsica island and have found that they can be influenced by both the slope of the relief and land/sea contrast in a mean year behavior. Indeed, more study on the subject is still required to understand their physical meaning. More recently, Elgered et al. (2018) have found that linear horizontal gradients derived from GPS are related to meteorological phenomena and that if any linear trend is detected, then it is likely to be related to monumentation or receiver problems. Implementation of tropospheric gradients can be treated as a piecewise linear function or assumed constant for a significant period of time, as in GAMIT (Herring et al., 2006) from Massachusetts Institute of Technology or Bernese (Dach et al., 2015) from University of Berne. This strategy can provide n gradients per day, which can assure convergence and stability on the processing, where the resulting parameters are somehow averaged over the period. However, high-resolution gradients are needed to contribute to heavy rainfall nowcasting (Shoji, 2013) , and they can be estimated with higher frequency, as an epoch-wise dependent parameter, for example, random walk (stochastic process) like in GISPY-OASIS (GNSS-Inferred Positioning System and Orbit Analysis Simulation Software package (Bar-Sever et al., 1998) , from here on called GIPSY) from the Jet Propulsory Laboratory. In this work we have pursued the latest method, because we want to be able to capture sudden variations of the gradients, like prominent peaks, not necessarily linear which can be associated with synoptic fronts (Lu et al., 2016) . Therefore, we have modified an in-house software to estimate horizontal gradients as an stochastic variable, adding a pair of unknowns per epoch to the system. We will show the corresponding agreement with respect to an external source that has implemented independently the same methodology.
Over the last past decade a lot of effort has been put on precise quantification of atmospheric parameters with space and ground techniques aiming to support weather forecasting (see, e.g., De Haan, 2013). The ZTD has played an important role on forecasting the weather, and its assimilation into weather systems is an important issue to assess (Poli et al., 2007) . Many analysis centers nowadays are producing and disseminating real-time ZTDs, and the effort has shown to improve monitoring severe storms conditions, like for instance the Geodetic Observatory Pecný (Dousa & Vaclavovic, 2014) . Karabatić et al. (2011) have shown that introducing ZWD to weather front analysis can forecast heavy rainfall better than only by using ground meteorological data, due to the fact that GPS derived parameters do not present a delay like those from meteorological ground stations and the improvement can be seen specially during the summer. Horizontal tropospheric gradients have become of interest for such applications, and the effective assimilation by the centers of these values into their predictions is yet an open scenario. In this sense, data assimilation algorithms are being developed in order to assess the improvement on the refractivity field by means of incorporating horizontal delay gradient in addition to ZTD (Zus et al., 2019) . The temporal and spatial resolution of GPS observations as long as epoch-wise parameter estimation set a potential improvement on forecasting events. Hence, precise determination of gradient delays and realistic interpretation of their variability is needed before assimilating them. GPS Network selected for the study and track followed by Hurricane Harvey's eye in red. Annotated as dd.dd are the days of August of 2017 (UTC) of the eye's position. The isolines correspond to the moment of the landfall pressure field, and the units are in hectopascals. Note: arp8 and txpo are sites located at 1-km distance but have been plotted separated for clarity of the map. txpo is on its actual location.
In this contribution we are going to assess the possible relationship that the horizontal gradients derived from GPS data processing can have with physical processes. In this case we have selected a hurricane that made landfall around 03:00 UTC on 26 August (DOY [day of year] 238) 2017, Hurricane Harvey, at peak intensity on the southern coast of United States with winds of 215 km/hr and an atmospheric pressure of 937 hPa. The isolines in Figure 1 represent the pressure field at DOY 238 at 00 hr. Harvey originated on 12 August (DOY 224) over the eastern Atlantic Ocean just west from northern Africa and traveled westward becoming a tropical storm on the 17th (DOY 229) of the same month. The system continued its motion entering the Caribbean Sea on the 18th striking land several times on different islands and the Gulf of Mexico later on the 23rd (DOY 235) with a significant low surface pressure.
This hurricane became the first major one to make landfall in the United States since Wilma in 2005 and, as it is known, GPS receivers are mostly located on ground and very few ones are found offshore; therefore, monitoring this type of storms with this method is unlikely, due to rapid weakening of its intensity when touching land. CORS network is located and densified in the area where Harvey mostly occasioned disaster, and its permanent receivers have already been used to study this event. Milliner et al. (2018) have been able to use this feature to track how much of the water it brought was absorbed by the ground and how much it drained rapidly to the sea, finding that that a third of Harvey's total stormwater was captured on land, indicating that the rest drained rapidly into the ocean, with the remaining stored water gradually lost over the following 5 weeks.
We have selected 11 GPS receivers from CORS network, chosen to capture the behavior of the landfall of the hurricane. Considering the track showed in Figure 1 , plotted in red numbers denoting the day of August of the eye's position, we have selected sites on one and other side of the path the storm followed on ground. The 11 sites and their positions are listed in Table 1 , together with detailed information about the GPS site. We have selected them rather aligned with the front, and more over the northeast region above the track of the hurricane, where the strongest intensities are to be expected. We have also added two more stations further away from the cyclone to test how they were affected.
One of the main motivations of this work is to detect and characterize early stages of a hurricane on the tropospheric gradients in order to assess if anomalous (not typical) patterns on the gradients are related to the state previous to the development of the low pressure center so called cyclone. This article is organized as follows. We first detail our methodology for processing the GPS data and introduce the in-house software and its validation. Then we draw a simple method for finding anomalous peaks on the horizontal tropospheric gradients time series. In section 3.1 we show the behavior of the horizontal gradients during the event. The conclusions are described in section 4. The GPS computations in this research have been done based on TOMION geodetic estimation mainly developed by the second author during the last 20 years. Although the first approaches were focused on the tomography of the ionosphere, TOMION indeed acquired further features for estimating geodetic and atmosphere parameters. The background for this software on tropospheric estimations (Hernández-Pajares et al., 2001) indeed sets a potential real-time assessment of precise tropospheric gradients as well. However, back then, the strategy used was Wide Area Real-Time Kinematic (WARTK; see Hernández-Pajares et al., 2002; Hernández Pajares et al., 2010) , while for this work we have used absolute positioning mode. In particular, we have applied Precise Point Positioning (PPP) as it is developed by Zumberge et al. (1997) for estimating the tropospheric parameters used for this work, and WARTK to compare and validate the new results, since the latter is extensively known.
GPS Processing and Validation

Linear Horizontal Gradients in TOMION
The parameter estimation can be summarized as follows. The linearized prefits residuals ("observed minus computed") for a PPP setup, for the Iono-Free Combination can be expressed as
for the code and the phase observables, P C and L C respectively. In our experiments, we have taken the final coordinates of a PPP static 2-day run as a priori coordinates, computed for the sites with TOMION for the days previous to the window we are analyzing here, that is, for DOYs 229 to 230. Therefore, x rec0 , y rec0 , and z rec0 are the a priori coordinate for the given site and sat rec0 denotes the distance between the satellite (sat) and the a priori coordinate for the site (rec0), while x sat , y sat , and z sat are the satellite's coordinates. In equation (1) also c is the speed of light, B C is the Iono-Free ambiguity (integer part plus noninteger components of the In blue are the external parameters needed for feeding the models in red. In yellow are TOMION's tropospheric estimations. a h and a w are the hydrostatic and wet mapping functions continued fraction form (m h/w ) coefficients, respectively. P s is the surface pressure, e s is the water vapor partial pressure at mean sea level, T m is the weighted mean temperature at height H (orthometric) along the local vertical, and is the water vapor decrease factor with height. The constants K2 ′ = K 2 − K 1 (R d ∕R w ) and K 3 are empirically determined first by Thayer (1974) . R d is the specific gas constant for the dry constituents, and R w for the wet ones. The g m , which is the gravity acceleration at the mass center of the vertical column of the atmosphere, can be computed as a function of the locations' latitude and H c , which is the height of the center of mass of the vertical column of air. All the meteorological information required for the models aforementioned, including the coefficients for the mapping functions, have been taken from a model available at GGOS (2017). TOMION = TOmographic Model for precise IOnospheric sounding and GNSS Navigation ZTD = zenith tropospheric delay; ATD = asymmetrical tropospheric delay; DOY = day of year.
instrumental delays from receiver and transmitter); the wavelength; w is the wind-up and t r is the receiver clock error. The terms x, y, and z are the corrections to the a priori values to be estimated.
The delay induced by the troposphere on GPS signals, T sat rec in equation (1), herein called T, can be modelled as:
(2) according to Chen and Herring (1997) . The first term in equation (2), The zenith hydrostatic delay (ZHD), has been modelled in TOMION following Saastamoinen (1972) . The zenith wet delay (ZWD) has been approximately computed according to Askne and Nordius (1987) . The mapping function used for this processing has been Vienna Mapping Function (VMF1; Böhm & Schuh, 2004) , according to the form in Marini (1972) . Detailed description of the tropospheric corrections implemented on TOMION can be seen in Figure 2 .
For most applications, the first and second term in equation (2) provides enough accuracy for the user. However, for precise geodetic applications or under severe weather conditions, a third term can be considered: the asymmetrical tropospheric delay (ATD). In Figure 3 a simplification has been assumed for the sake of the approach but is valid for any direction. In this case the azimuth ( in equation (2)) is set to 90 • , and In yellow is what would be accounted for if azimuthal symmetry is assumed. In orange is the correction for asymmetry. is the tilting angle of the neutral atmosphere as defined in Meindl et al. (2004) , and m iso is the isotropic mapping function (VMF1). ZTD = zenith tropospheric delay. only the east gradient (G E ) is different from 0 and greater than 0. Here, the atmosphere would be "thicker" toward the east of the station and "thinner" over the west.
The ATD is also mapped into the zenith by:
proposed on Chen and Herring (1997) . Here only the elevation angle is needed for computations and C is an empirical constant taken equal to 0.032, as suggested on the reference. In TOMION what are left as unknowns for constructing the T term are the residual ZWD, which means that the model on Askne and Nordius (1987) would take place as an priori value for the estimate, and G N and G E components, for the ATD term.
Then for a PPP, using the iono-free combination, for which more than 99 % of the ionospheric induced error is typically eliminated, for static antennas and P 1 and P 2 observables, our unknowns are reduced to
which are computed per epoch of observation, where the information a priori is available, which is 15 min for PPP and 30 s for relative.
Validation Test
In this work we have carried out four experiments. First, we have performed three different PPP processing strategies: static and kinematic, where this last one was set up for two different random walk processes for the site's coordinates, 3 and 0.3 mm∕ √ h approximately. We are referring to them from now on as loosely and tightly constrained, respectively. These process noise are very small and equivalent to up to 10-and 1-cm coordinate displacements over a period of 2 weeks respectively, for events similar to Harvey (see, e.g., Miyazaki et al., 2003) . As it is stated in Zumberge et al. (1997) , precise final orbits and satellite clocks are needed for these implementations that have been taken from the International GNSS service, with a resolution of 15 min. Thus, the spacing of our estimates will be set to 15 min as well.
Relative positioning was only carried out in loosely constrained kinematic mode (only for 3 mm∕ √ h approximately), because we will use this experiment for assessing the PPP ones. Since the clock is eliminated in the double differences, the interval between two consecutive estimates is 30 s, which corresponds to the sampling rate of the observations for this case. For the baseline configuration, we have chosen txan as the reference station as it is located in the center of the selected network, as can be seen in Figure 1 . Pairs for differentiating only with respect to reference station have been included in the computations having baselines ranging from 56 to 353 km. Detailed distances can be seen in Table 1 . Both for PPP and relative we have discarded observations below 7 • over the horizon, and the weighting function of the observations has been considered as a negative exponential of the elevation angle of the transmitter.
All four experiments depicted in Table 2 have been analyzed in Appendix A; the methodology was validated by studying the repeatability of the sites coordinates, where it is known from previous studies that accounting for the gradients on GPS processing causes a better repeatability (see, e.g., Bar-Sever et al., 1998; MacMillan, 1995) . Accordingly, it was observed that for all the receivers in our study, the repeatability improves about 25% when the gradients are estimated. Moreover, we have also tested the repeatability for different processing strategies and modes: absolute and relative positioning in static and in kinematic modes. We have found that the looser the constrains on the coordinates, then the more affected the coordinates are when neglecting the gradients. Moreover, relative positioning showed to be more sensitive to not considering the gradients than absolute positioning. We have also seen that the horizontal gradients differed under 1 mm among all the procedures; hence, any set of gradients was valid for the study of the dynamics of the hurricane. With these statistics we were able to say that we can rely on our in-house software, since we have internally validated it obtaining consistent and comparable results with different modes and strategies.
Validation Versus UNR Products
For validating and comparing TOMION's estimates, UNR (University of Nevada, Reno, USA) products (Blewitt et al., 2018) have been downloaded from its server, which are provided with a 5-min sampling rate. Comparisons were performed for 10 of the 11 sites studied (lcsm was not available), and correlations coefficients of 0.57 and 0.62 were found for the east and north gradients, respectively. The linear regression performed between the TOMION and UNR east gradient time series resulted in 0.46 mm/mm for the slope and 0.22 mm for the independent term, while that for the north component resulted in 0.55 mm/mm and 0.11 mm. These results imply that there are no significant biases between the series. The discrepancies found between the different sources can be explained by the fact that the external source applies flat weighting on the observations, while TOMION makes use of negative exponential of the elevation angle of the transmitter. Another cause of scale differences can be the different mapping functions used for the gradient term: Chen and Herring (1997) in TOMION and Bar-Sever et al. (1998) in GIPSY, and as it is stated in Kačmařík et al. (2018) , systematic errors effects of up to 0.3 mm were observed in estimated tropospheric gradients when using different gradient mapping functions which depend on the applied observation elevation-dependent weighting as well. Furthermore, in TOMION, we use VMF1, whereas UNR adopts GMF (Global Mapping Function; Böhm et al., 2006) for mapping the symmetric term (m d and m w in equation (2)).
The temporal evolution of the two series can be seen in the bottom row in Figure 4 , where one can appreciate that they are in in great coherence. Also, there is a slight time delay of TOMION's estimates with respect to the reference, which could be a reasonable explanation for the correlations coefficients estimated. The aspect that we want to remark here is that UNR gradients as long as TOMION's estimates are able to detect anomalies, which will be the focus of our study. For example, such gradients can be appreciated on sam2 north parameter, almost at UTC midnight for DOY 236. In this section we have introduced the software we are using for our computations, TOMION, and briefly explained the processing strategy. Then we have validated the estimations with an independent source (UNR) and with an independent strategy within the same software (relative positioning) which has been detailed in Appendix B. Even though there are some differences, the results and the estimated parameters show to be coherent between the different softwares or modes. Now we will proceed to analyze the behavior of the time series.
The Hurricane Harvey Test Case
ZTD
The ZTD is the main variable estimated with GPS that contains information of the lower atmosphere, and we have observed clear patterns on it evidencing the advance of the storm toward the area. The evolution of the ZTD over DOYs 231-239 for the 11 sites are plotted in Figure 5 , where the relative variation of the ZTD shows an increase of about 10 to 15 cm over the 9-day time window. We have plotted in the top panel the ZTD for four sites, two on the coast and two further inland: arp8, txpo, txen, and txha. The bottom panel corresponds to the other seven sites. Such a distinction has been done because their behavior is slightly different: The sudden increase noticed over midnight of DOYs 235 to 236 is larger for the subset of the bottom panel than that of the top. This increment clearly reflects the effect of the hurricane. This behavior is due to the increase of the partial pressure of water vapor (Seco et al., 2009) , which is closely related to the ZWD (Askne & Nordius, 1987) . Decreasing surface pressure values, that is, in a cyclone, cause a smaller ZHD (Saastamoinen, 1972) ; hence, the increase on the ZTD is due to the increase on the water vapor partial pressure.
We have analyzed the nature of the ZTD, and we define the Quiet state to a set of data where the atmosphere was relatively calm within the analyzed window. The criterion to split the series was the time for which the detrended ZTD reached an absolute maximum. As it can be seen in Figure 6 , this time label was found to be approximately DOY 235.27 for sam2. Therefore, Quiet state is before such time and Stormy is after sam2, within days 232 and 238 inclusive of 2017, that is from 19 to 26 August. In this figure, we have also added the east and north horizontal gradients, which will be studied in detail in the following section. Figure 6 . ZTD for sam2 in DOYs of 2017, detrended ZTD (scaled by a factor of 100 to fit with the scale) and east and north gradients. The left y axis contains the values forZ(t) and east and north gradients, and the right y axis for the ZTD.
We have considered a detrended ZTD (Hernández-Pajares et al., 2012) as
where t was chosen as 24 hr, to mitigate effects of the local time, since we are subtracting from the ZTD value, the mean of the previous day and the following day. Each time tag found for each site, denoted as DOYZ MAX , is depicted in Table 3 together with the maximum of ZTD series and its reference time, as well as the relative increment of the ZTD before and after DOYZ MAX . The increase was found to be between 3.4% and 4.7% for 9 of the 11 sites. The other two, txen and txab, are the receivers located further away from the hurricane, which can be appreciated on the distance of the sites to the track of the hurricane. This increase in the mean of the ZTD, given by an increase on the ZWD, shows the heavy rains the area suffered after the hurricane struck land and weakened. In addition we have added the mean of the ZTD before and after DOYZ MAX . It was also found that the maximum of the entire ZTD series of each station was found between 2 and 4 days after DOYZ MAX , which shows that the water vapor actually accumulated after the hurricane hit Texas. Note. Mean for the period with storm and without, ZTD's maximum and the relative change during the storm for the ZTD. Note that the table has been ordered with respect to the minimum distance to the track, which is expressed in the last column. Units in DOYs of 2017 and meters, except for distance to track which is in kilometers. ZTD = zenith tropospheric delay; DOY = day of year. 
Tropospheric Horizontal Gradients
The characteristics seen on the ZTD has driven this study to analyze the horizontal gradients associated with this phenomena, since it is expected that the atmosphere presents a strong asymmetry when the hurricane is close or over the area. Therefore, we have studied to what extent the GPS-estimated horizontal tropospheric gradients contain actual atmospheric information related to the front. As we mentioned before, the strategy chosen was PPP, in which the coordinates have been treated as a random walk process where the present epoch is related to the previous by 3 mm∕ √ h. Hence, the gradients to be analyzed on the present section are estimated within such strategy. However, the gradients for the different processing strategies showed discrepancies of up to 0.1 mm.
Then, for each pair of G N and G E the correction has been computed for azimuths ranging from 0 • to 360 • , like the ZTD directional derivative
and the maximum ZTD directional derivative is equal to the gradient modulus, as HOR max = (G 2 E + G 2 N ) 1∕2 . At the top left panel of Figure 7 , we are showing the time and azimuthal dependent correction to the zenith path delay, HOR as it is expressed by equation (6). The step taken for the plot was 10 • in azimuth and 15 min in time, this last one given by the processing resolution interval. Therefore, we have one symmetric curve per each epoch, the orientation of which will depend on the signs of the coefficients G N and G E and its absolute value on the composition of the east and north components. Each HOR curve for a fixed time, HOR(t 0 ), represents the correction to be performed for an individual epoch and for all azimuths. Furthermore, HOR(t 0 , 0 ) is the amount that such line of sight needs to be corrected for. This implies that large G N and G E do not necessarily mean large HOR. The actual applied correction will depend on the position of the transmitter at time t 0 . To study the behavior of this correction during the storm, we have represented HOR for Storm state in red, as defined by the detrended ZTD criteria, and for the Quiet period in blue. It is clear that from DOYZ MAX onward, HOR departed from its nominal behavior in direction and modulus. The larger red line depicts the absolute maximum of the HOR series, which from now on it will be referred to as anomalous gradient, and its corresponding angle, time, and value are annotated over the top/bottom left of the figure.
On the top right panel of Figure 7 , the histogram represents in percentage the occurrence of each azimuth from 0 • to 360 • for days categorized as Storm and for Quiet days, correspondingly in red and blue bars with a sampling of 10 • . This means that for each pair G N and G E , the azimuth has been computed as
We have also interpreted the occurrence of each azimuth as the normalized cumulative histogram, or cumulative distribution function, where, again, the Quiet state (blue bars) has a steeper slope for azimuths from 60 • to 180 • , while such increment for the Storm (red bars) state is after 180 • .
Therefore, one can conclude that the preferred orientation when the atmosphere is not suffering an extreme event, according to the maximum detrended ZTD criteria, is rather toward southeast, as the blue bars do reflect, coincident with the Gulf of Mexico position. However, for those days when the hurricane made a pass through the studied region, we notice an opposite behavior: The maximum horizontal gradient directions point to the northwest. Again, this is for sam2 but will be extended for all sites. The bottom left panel in Note. Time tag for the maximum detrended ZTD of the ZTD has also been added. Units in millimeters, days, and degrees for gradients, DOYs, and angles, respectively. ZTD = zenith tropospheric delay; DOY = day of year. Figure 7 comes to add information regarding the absolute value of the gradient vector, HOR max , with a clear maximum for epoch around 235.9, which is the magnitude of the anomalous gradient for sam2. Combining the four figures, where the particular case of sam2 is presented, it is clear that the Quiet behavior of the gradients are rather small vectors showing up to 3 mm, whose directions are mostly over the southeast, while for Stormy conditions the corrections are larger and up to 5 mm, where for this case its maximum is reached, and the preferred orientation is rather north northwest.
In Figure 8 we are showing the same plots as in Figure 7 now for the site txha. This site presents a change in orientation and in magnitude of its horizontal gradients before and after the time tag DOYZ MAX , similarly to what has been detailed for sam2 above. The anomalous gradient for this site can be noticed at DOY 237.08, reaching a value of 6.9 mm. We have included these figures for txha to illustrate a case in which the histogram on the top right panel shows no preferent orientation of the horizontal gradients over the Quiet period. This characteristic over the Quiet period is seen also on txen, txho, txkc, and txpo and has been annotated as a dash (-) in Table 4 . On the other hand, the distribution for the Storm period shows clear higher occurrence for the azimuths on the third quadrant. This behavior, shared among most sites, can also be appreciated on the cumulative histogram on the bottom right, where the percentage of horizontal gradients over the storm period rapidly increases after around 300-310 • .
For 8 out of 11 sites we have found that the described behavior for sam2 or txha is replicated, as it is showed in Table 4 , where the last two columns represent the center of the distribution for Quiet and Storm state, if any. This means that the Stormy time window showed centers of the distributions for the histograms clearly on the fourth quadrant mostly, that is, toward northwest, while for the Quiet period it was found rather on the second quadrant (like sam2) or with no preferent orientation at all (like txha). For assessing the previous for all sites, we have computed the azimuth, the absolute value and its components for each Stormy condition on the gradient time series like in Figure 7 bottom panel, and only accounting for one per site. Of course for each site, the time tag is different, because it is computed from its corresponding ZTD series. Furthermore, we have computed the distributions for the Quiet days and for four sites the histogram was rather planar, reflecting no typical orientation of its corrections (clarified as "-" in Table 4 ). The other seven sites showed azimuths for the Quiet period on the second quadrant, while for two of them it was on the same orientation than in the Stormy period. Only three of the sites, txen, arp8 and txpo, showed similar distribution for red and blue bars, two of which are located on the coast, probably suffering strong wet gradients due to the water vapor convection happening on a regular basis, whether a storm is approaching or not, where its corrections are rather on the second quadrant for all the days studied. Summarizing, 8 out of 11 sites present changes in orientation and magnitude during the approach of the hurricane.
The 850-hPa geopotential height and the corresponding wind vectors plotted in Figure 9 , where the field values have been taken from Saha et al. (2011) , contribute to the interpretation of the anomalies found on the Figure 9 . Anomalous gradient plotted as red arrows and maximum horizontal gradient detected on the given 6-hr time window, in black arrows. The geopotential height field clearly denotes the development of the hurricane. The maximum gradients appear perpendicular to the isobars and 1 to 3 days before the hurricane approached the area. The wind field in magenta is the wind field at 850 hPa. The red arrow at the bottom left corresponds to the scale of the GPS gradients.
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horizontal tropospheric gradients. We have considered the 850-hPa isobaric level because its average altitude is 1,500 m, where the concentration of water vapor and the distribution of the air pressure is analogous to that of the surface, but where the wind fields are not affected by the friction with the surface. The sequence of plots represents the fields every 6 hr, starting on 23 August (DOY 235) at 00 hr and ending on 27 August (DOY 239) at 06 hr. From them, it is evident that the approach phase of the hurricane to the studied area is on 23 and 24 August, the highest intensity moments are on the 25th and early 26th, and the weakening phase rapidly after the landfall is on the 26th at 03 hr. The red arrows drawn on the figures are the anomalous horizontal gradients found above, and the black arrows correspond to the horizontal gradients found for the given time window for each site that are larger than 3 mm. All of them are located on the corresponding receiver (starting point of each arrow) and on 6-hr time windows. From this figure it is clear that the anomalous and large horizontal gradients appear in the stage prior to the placing of the hurricane over the studied area when the GPS signal is able to detect an asymmetry on the atmosphere. Noticeably, they point in the same direction than the horizontal pressure gradient, which is represented by the horizontal geopotential gradient of the 850-hPa isobaric surface. As it surges from the gradient wind relationship, the resulting wind would be perpendicular to the horizontal pressure gradient at that isobaric level and hence to the GPS anomalous gradients we have studied in this work. The maximum growth direction, given by these peaks, also denote the depression caused by the cyclone. These gradients are sensing the northern part of the system and evidencing the tilting angle of the troposphere as in Figure 3 . When the hurricane is over the studied area (e.g. for Aug. 25th 00h onwards), then only one of the anomalous gradients occur (txct) and only three horizontal gradients larger than 3 mm are present. These latter are probably wet gradients, while those that occurred on the approach phase are likely hydrostatic gradients. The state of the atmosphere over the studied area at this point is rather symmetric; thus, the ZTD shows small horizontal gradients. We can also appreciate that most of the peaks happen from 1 to 3 days before the hurricane reached the area, which gives these parameters the use for studying and contributing to the potential warning of this type of events.
Conclusions
GPS Meteorology is a highly effective and robust technique to sense the atmosphere, providing continuous observations of atmospheric variables at almost no extra cost and with high spatiotemporal resolution. This research indicates that GPS-estimated tropospheric horizontal gradients have shown to be useful to study the stages prior to a hurricane arrival at an area. In this contribution, observation data from CORS network were processed and analyzed to retrieve tropospheric gradients for the time window and area where Hurricane Harvey struck land on 26 August 2017.
The estimation of the parameters has been performed with an in-house software that is well known for ionospheric determination; hence, we have included in this study the validation of the methodology as well as the validation of the parameters. We have seen in four different experiments that the coordinates repeatabilities improve when the tropospheric gradients are included on the processing as two additional unknowns, supporting the validity of the implemented methodology. The gradients themselves were validated with a databank from University of Reno, Nevada, where a great agreement was seen, showing correlations of above 50% for both east and north gradients.
We have analyzed the nature of the time-dependent parameter ZTD over the DOYs 231 through 240 of year 2017, where Hurricane Harvey approached and reached Texas, USA, on DOYs 234-236. We have seen that the ZTD experienced an increase of from 3.4% to 4.7% for 9 of the 11 sites. The other two are located further away from the hurricane. This effect is closely related to the heavy rains that affected the area. For assessing the behavior of the horizontal tropospheric gradients, we have introduced a simple method for studying their direction and intensity during the approach of the hurricane. First, we have computed the moment for which the ZTD presented an absolute maximum of an approximation of its detrended ZTD. This procedure depicts a detrended ZTD, where the collection of all the largest inflection points allowed us to divide the series into Quiet and Storm periods, before and after such time tags, respectively. We have found that the distribution of the orientation of the horizontal gradients for the Storm period changes drastically from southeast to northwest, in general. Nominal behavior was noted as pointing to the Gulf of Mexico or with no preferent orientations. We have also observed that the extreme behavior of the gradients developed between 1 and 3 days before the hurricane made landfall, and they mostly appear orthogonal to the pressure isolines.
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These findings indicate that GPS-estimated horizontal gradients can represent the passage and development of a severe weather event, and hence it can be used for studying and detecting them potentially in advance.
Appendix A: TOMION's Coordinates Estimation and Its Validation
Incorporating horizontal gradients in the estimation of coordinates in space geodetic techniques is well known to improve its repeatability (Bar-Sever et al., 1998; MacMillan, 1995) . Since TOMION is well known for ionospheric determination, we will assess its reliability and that of our methodology, in terms of the repeatability of coordinates.
We have estimated the local coordinates for each site of the selected network for the four chosen strategies, for two case scenarios: Hurricane Harvey (DOYS 231-239) and a 10-day run (DOYS 51-59) for February of the same year, 2017, where the atmosphere was relatively calm. In both cases, a previous processing was performed to obtain an a priori set of coordinates for DOY 231 and DOY 51, respectively, and the statistics have been performed with respect to those final values. In Figure A1 we are showing horizontal repeatability for the all the receivers of the network for static PPP, tight kinematic PPP, loose kinematic PPP, and loose kinematic relative precise positioning, when the horizontal gradients are considered and when they are not. We can appreciate that in all cases, the horizontal repeatability improves when the horizontal gradients are included in the processing. Moreover, for the 51-59 run, the root-mean-squares (RMSs) are, in general, smaller than those for the 231-239 run, which is also reasonable due to the extremely different weather conditions. Note. First four rows correspond to the Hurricane Harvey DOYS, and the four last rows to a quiet period during the winter of the same year 2017. SD = standard deviation; RMS = root-mean-square; PPP = Precise Point Positioning.
We have chosen simple statistical measures to evaluate how each processing mode is affected by the estimations of gradients. In the first place, we have considered the mean of the ratios R of the biases of the coordinates with and without gradients with respect to an priori coordinate, computed with and without gradients, respectively. This metric is represented by the definition at , while is given by the ratio of the means of the biases (b) for each methodology, that is, considering and not considering the gradients:
where N is the number of sites, 11 in this case. For the RMS and the SD (standard deviation), the analogous procedure has been performed. These metrics have been computed for all of the sites and are depicted in the first four rows of Table A1 . For both metrics, and for all processing modes, the position accuracy will be degraded by from 12% to 35% if horizontal symmetry of the atmosphere is assumed, in the presence of a weather front, for the period of the hurricane and from 6% to 34% for the winter period, considering their bias, SD, or RMS with respect to an a priori coordinate. We can also appreciate in the last four rows of the same table that, for the analysis during the winter, the implications of not considering the gradients is slightly less important than when strong meteorological forcing occurs.
The differences between gradients computed for the different processing modes are under the statistical error of the estimations. This means that the different setups chosen for the coordinates do not have a significant impact on the horizontal gradients. We have chosen the gradients computed on the loosely constrained mode for the coordinates to analyze if they represent the behavior of the atmosphere during the hurricane. Hence, we have been able to reproduce established results regarding the stability of the site's coordinates, for most of the cases in all the setups proposed. The WARTK methodology, widely validated, presents results analogous to that of PPP; therefore, we can conclude that our results are consistent. Also, we have shown that neglecting the gradients has more impact the looser the kinematic processing is, and slightly even more for relative mode. The reason why differentiating the observables can show to have more impact on the stability of the processing can be the baselines aligned with the front accumulating more asymmetric delay than those orienting perpendicular to it (Ichikawa et al., 1995) . Figure B1 shows the coherence between TOMION horizontal gradients for absolute and relative processing mode, both for kinematic in its loosely constrained setup. For each epoch where the estimation of the north and east tropospheric gradients were available for both processing modes, which is every 15 min, the horizontal absolute value of the gradients was computed, as the square root of the addition of the squared components, and a correlation of 62% was obtained for the time series. 
Appendix B: TOMION's Horizontal Gradient Intra-Software Validation
